Lithium-sulfur (Li-S) battery could bring a step-change in battery technology with a potential specific energy density of 500 -600 Wh/kg. A key challenge for further improving the specific energy-density of Li-S cells is to understand the mechanisms behind reduced sulfur utilisation at low electrolyte loadings and high discharge currents. While several Li-S models have been developed to explore the discharge mechanisms of Li-S cells, they so far fail to capture the discharge profiles at high currents. In this study, we propose that the slow ionic transport in concentrated electrolyte is limiting the rate capability of Li-S cells. This transport-limitation mechanism is demonstrated through a one-dimensional Li-S model which qualitatively captures the discharge capacities of a sulfolane-based Li-S cell at different currents. Furthermore, our model predicts that a discharged Li-S cell is able regain some capacity with a short period of relaxation. This capacity recovery phenomenon is validated experimentally for different discharge currents and relaxation durations. The transport-limited discharge behavior of Li-S cells highlights the importance of optimizing the electrolyte loading and electrolyte transport property in Li-S cells.
Introduction
Lithium sulfur (Li-S) battery is emerging as a prime candidate for post lithium-ion battery technologies due to its high practical specific energy density of 500 -600 Wh/kg [1, 2] . Despite their presently limited cycle life, the superior specific energy density of Li-S cells already allows for niche applications, such as in the high-altitude unmanned air vehicle, Zephyr [3] . A key challenge in further enhancing the energy density of Li-S batteries is to identify the mechanisms behind the limited sulfur utilization, especially at higher discharge rates. To this end, a majority of Li-S literature have been focused on improving the sulfur utilization through materials research, whereas relevant studies from a mathematical modeling perspective have been rare.
The discharge of a Li-S cell produces various intermediate polysulfide species that are soluble in typical aprotic solvents. It is generally believed that the dissolution of these polysulfide species into the electrolyte, and their subsequent diffusion away from electrochemically active surfaces, contribute to a major degradation mechanism as well as sulfur-utilization limitation [4, 5] . In light of this loss mechanism, numerous strategies have been proposed to encapsulate polysulfides in the cathode, including optimization of the cathode nanomorphology (as reviewed in [6, 7] ), doping of polysulfide-adsorption sites [8, 9] , and coating of polysulfide blocking or adsorption layers [10, 11] . However, most of these experimental studies are carried out with vast excess of electrolyte [12] , not taking into account the fact that the electrolyte-to-sulfur mass ratio has a major influence on the sulfur utilisation [13, 14, 15] . In order to achieve high energy-density at cell level, the mass ratio between electrolyte and sulfur should be limited to below 3 [12] . In such cases, the electrolyte is highly concentrated, and the solubility and transport of the various species could be limiting the sulfur utilisation.
While several physics-based models have been developed for Li-S cells [16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26] , they fail to capture the utilization of sulfur at different discharge currents, e.g. the rate capability. Kumaresan et al [17] developed the first 1D Li-S model that describes electrochemical reactions, precipitation and dissolution reactions, and ionic transport during discharge based on the Nernst-Plank equations. The model is able to qualitatively capture the discharge behavior of a Li-S cell at low currents. Sensitivity analysis of the Kumaresan model by Ghaznavi and Chen [20, 21, 22] indicates that at high discharge currents, the model predicts a capacity reduction in the high-plateau region while the change in low-plateau capacity is negligible. However, experimental Li-S cell discharge curves exhibit an opposite trend whereby increasing the discharge current reduces the cell's low-plateau capacity significantly but not its high-plateau capacity [27, 28] . The same mismatch between the experimental and modelled discharge behavior is also present in other similar Li-S models [18, 19] .
In analysing the sensitivity of the Kumaresan model with respect to the diffusion coefficients of ions, Ghaznavi and Chen [22] noticed that the modelled low-plateau capacity would decrease when the effective ionic diffusion coefficients were reduced. With an effective lithium ion diffusion coefficient on the order of 10 −12 m 2 s −1 , the dissolving Li + ions build up a large concentration gradient in the separator which requires high concentrations of polysulfide anions in the separator to maintain charge neutrality. Based on the Kumaresan model [17] , the high concentration of polysulfides in the separator would lead to the precipitation of Li 2 S 2 , Li 2 S 4 , and Li 2 S 8 . These precipitates would eventually block the separator/anode interface and cause a reduced discharge capacity. However, there has been no direct experimental evidence for the existence of any solid discharge product other than Li 2 S in Li-S cells [29] . The modelled discharge profiles with low ionic diffusion coefficients were also not compared to experiments.
Recently, Danner et al [26] introduced a particle-scale model for Li-S cells in which polysulfides are confined only within nanostructured sulfur/carbon (S/C) particles. The model predicts the existence of a transport overpotential caused by the transport of Li + ions against a concentration gradient into the S/C particles. This Li + ion concentration gradient, arising from the high concentrations of polysulfide anions confined within the S/C particles, leads to localized Li 2 S precipitation during discharge which could cause poreblocking and reduced sulfur utilisations at high sulfur loadings. This transport-limitation at the particle-scale is similar to the transport limitation scenario at the cell-scale predicted by the Kumaresan model with low ionic diffusion coefficients [22] . However, Danner et al noted that this transport-limitation effect was absent when modelling conventional cathodes where polysulfides were not confined.
This study presents a more detailed investigation into the discharge behavior of Li-S cells subjected to transport limitation. We show that with effective ionic diffusion coefficients on the order of 10 −12 m 2 s −1 , a modified Kumaresan model [17] is able to capture the rate capability of a 3.4 Ah Li-S pouch cell containing conventional composite cathodes. The reduction of low-plateau capacity at high discharge currents is explained by trapping of polysulfides in the separator as result of the slow transport of Li + ions through the separator. Based on this transport-limitation mechanism, the model predicts that a discharged Li-S cell is able to regain some capacity after a short period of relaxation. We validate this capacity recovery effect by comparing modelled and experimental recoverable capacities at different discharge currents and after various durations of relaxation.
Discharge modelling and experiments

The Li-S model
We employ the relatively well-studied Li-S model developed by Kumaresan et al [17] to investigate the discharge behaviour of Li-S cells. The model formulation, implementation, and parameters are summarized in Appendix A. Two major modifications to the Kumaresan model are made in order to capture the high-rate discharge behaviour of measured Li-S cells: First, we prohibit the precipitation of polysulfides (Li 2 S 2 , Li 2 S 4 , and Li 2 S 8 ) other than Li 2 S in the model, since Li 2 S is the only experimentally detected solid discharge product in Li-S cells. Secondly, we reduce the effective ionic diffusion coefficients in the Kumaresan model by two orders of magnitudes to around 10 −12 m 2 s −1 , which was shown to cause transport limitation in the model [22] . The diffusion coefficients of dissolved polysulfides are not well-established in the literature due to the difficulties in isolating an individual polysulfide species that could rapidly disproportionate or associate. The diffusion coefficient of dissolved S 8 was estimated with rotating ring-disk electrode measurement to be on the order of 10 −10 m 2 s −1 in a dilute electrolyte containing mixtures of 1,2-dimethoxyethane and 1,3-dioxolane solvents [30] . The same quantity was estimated to be on the order of 10 −12 to 10
in a concentrated electrolyte containing a tetraglyme solvent based on steady-state cyclic voltammetry measurements using an ultramicroelectrode [27] . The Li-S cell under study contains sulfolane solvent which is known to exhibit an order of magnitude higher viscosity than most ether-based solvents [31] , and is therefore likely to possess lower ionic diffusion coefficients as well.
The effective ionic diffusion coefficients in Li-S cells depend on the electrolyte composition, ionic concentrations, as well as the porosity and tortuosity of electrodes. In the present model, however, we take the simplifying assumption that ionic diffusion coefficients are independent of the electrolyte composition and ionic concentrations, so that the standard Nernst-Planck equations for dilute solution can be applied to describe ionic transport in Li-S cells. We note that all existing Li-S models utilize dilute solution theory to describe ionic transport, even though it was found to be inaccurate in calculating the electrolyte resistance which is concentration-dependent [23] . This limitation is due to a lack of measured polysulfide transport properties, as well as the complexity of concentrated-solution theory (e.g. Maxwell-Stefan formulation) which would render the resulting Li-S model intractable. In addition, we employ the empirical Bruggeman relation (Eq. A22) frequently applied in both lithium-ion and Li-S battery models to describe the dependence of effective diffusion coefficients on the electrode morphology. However, we note that the Bruggeman relation with an exponent of 1.5 is derived for porous morphology made up of isotropic spheres [32] , which is quite different from the carbon/sulfur composite morphology in which sulfur (or Li 2 S) is dispersed in the pores of carbon matrix. Consequently, the model does not accurately capture the effect of carbon/sulfur morphology on ionic diffusivity. More complex approaches are required to adequately characterise the morphology-diffusivity relation, which may include image based modelling with 3D microstructure data obtained from tomography experiments [33] .
Discharge measurements
A Li-S pouch cell (OXIS Energy Ltd) with a rated capacity of 3.4 Ah at 0.2 C was used to calibrate and validate the discharge curves generated by the model. The cell contains multiple layers of lithium foil anode, polymeric separator, and carbon/sulfur composite cathode filled with sulfolane solvent. Constant current discharges were performed at 30 0 C with a Bio-Logic VMP3 potentiostat at 0.2C, 0.5C, and 1C discharge rates to a cut-off voltage of 1.5V. Two sets of capacity recovery experiments were conducted. In the variable discharge-rate tests, the cell was first discharged at a constant current of different magnitudes (0.2C, 0.5C, and 1C). The cell was then disconnected for 5 hours, before it was discharged again at 0.2C. In the variable rest-duration tests, the cell was discharged at 1C followed by a relaxation period of different lengths (10 minutes to 4 hours). It was then discharged again at 1C.
Results and discussion
The simulated discharge profiles at 0.2C, 0.5C and 1C rates are compared with the measured curves in Fig. 1 . The model captures the reduction of low-plateau capacity at high discharge currents, which was not possible with previous Li-S models in the literature. Like previous 1D Li-S models, however, the present model is only able to qualitatively match with measurements, and larger deviations in cell voltage are seen at higher discharge currents. A major factor that contributes to this limitation is the inability of the existing Li-S models to capture the correct electrolyte-phase potential drop during discharge. Electrochemical impedance spectroscopy measurements have shown that the electrolyte resistance of a Li-S cell varies significantly during discharge, and the corresponding Ohmic potential drop represents the dominant voltage-loss mechanism in the high-plateau region [34, 35] . The present Li-S model based on Kumaresan et al, however, was shown to significantly underestimate the electrolyte resistance due to the dilute-solution assumption [23] . Capturing the correct electrolyte resistance variation during discharge would require concentration-dependent ionic transport properties that are not established in the literature. To understand the mechanisms behind the reduction of low-plateau capacity at high discharge currents, we examine the ionic concentration profiles across the cell at the end of discharge in Fig. 2 . The slow Li + ion transport as a result of its low diffusion coefficient leads to the build-up of a large Li + ion concentration gradient across the separator. The Li + concentration gradient is much smaller in the cathode due to the rapid precipitation of Li 2 S. Similar concentration gradients also exist for anion species such as S 2 remaining in the separator represent a reduction in discharge capacity. Since the concentration gradients are larger at higher discharge currents, the reduction in discharge capacity is correspondingly greater.
In Ghaznavi and Chen's Li-S model with low ionic diffusion coefficients [22] , the end of discharge is caused by pore-blocking near the anode as a result of Li 2 S 2 and Li 2 S 4 precipitation. Since the precipitated species do not re-dissolve significantly unless cell is charged, their model yields negligible capacity recovery during cell relaxation. The present model, in contrary, does not allow S
2− 4
and S
2− 2
anions to precipitate but instead lets them reequilibrate across the cell during relaxation. Consequently, the model predicts the trapped S charge is stopped, thereby allowing the cell to regain some capacity. The capacity recovery experiments were carried out to verify this model prediction. Fig. 3 compares the experimental and modelled discharge capacities for both the first discharges at 0.2C, 0.5C, and 1C, and the second discharges at 0.2C performed after 5 hours of relaxation. While the model underestimates the recoverable capacities for the experiments with 0.2C and 0.5C first-discharge currents, it correctly predicts the trend of increasing second-discharge capacity with larger first-discharge current. The significant capacity recovery after 1C discharge strongly suggests that the discharge capacity reduction at high current is not solely caused by precipitation-induced pore-blocking or surface passivation, as both processes are unlikely to be reversible during cell relaxation. Furthermore, both measurements and simulations indicate the sum of the initial and the recovered discharge capacities are similar for all three discharge-relaxation-discharge scenarios. This match in total discharge capacity suggests the lost capacity during a high-rate discharge can be almost fully recovered through a 5-hour relaxation.
To further examine the time required to retrieve all of the recoverable capacity, we measured recoverable capacities after different durations of relaxation after discharge. It can be seen from Fig. 4 that the recoverable capacity reaches a plateau after just one hour of rest after a 1C discharge. Compared to measurements, the model-predicted capacity recovery rate is almost twice as fast: based on the model, a 30 minute rest is sufficient to retrieve most of the recoverable capacity. Fig. 5 demonstrates the modelled Li + ion concentrations at both ends of the separator throughout the discharge-relaxation-discharge process. The Li reduces to near-zero after 30 mins of relaxation, longer relaxation periods would not lead to further capacity recovery. The mismatch in capacity recovery rate may suggest the effective ionic diffusion coefficients in a discharged cell to be lower than the values assumed in the model. This could be caused by, for example, increased tortuosity in the discharged cathode as a result of Li 2 S precipitation. Increased cathode tortuosity would lower effective ionic diffusion coefficients which further impedes ionic transport into the cathode during and after cell discharge. As mentioned previously, the empirical Bruggeman relation with an exponent of 1.5 (Eq. A22) is likely to underestimate of the change in the cathode tortuosity due to pore-clogging, as shown recently by Dysart et al [36] via stochastic micro-structure simulations.
In this modelling study, we have only pursued qualitative agreements with measured discharge curves and recoverable capacities due to several known limitations of existing Li-S models. Firstly, the present model is based on the Nernst-Plank formulation with constant ionic diffusion coefficients which is not accurate in describing the highly concentrated, multicomponent electrolyte in Li-S cells. On the other hand, the large number of ionic species in Li-S cells is likely to make the Stefan-Maxwell formulation for concentrated solution unwieldy in modelling Li-S cells, especially since the numerous concentration-dependent transport properties are difficult to obtain experimentally. Nazar et al [37] recently demonstrated the significance of cross-term diffusion coefficients in a ternary polysulfide solution containing S 2− 4 in LiTFSI-DOL/DME. It was discovered via concentration cell and constricted diffusion measurements that S limitation during cell discharge. Secondly, the model does not account for disproportionation/association reactions that are known to occur among polysulfide species. While such reactions have been under intense experimental investigations [38, 39] , the exact reaction mechanisms are still not established for Li-S cells. Lastly, the present model assumes simple phenomenological expressions for the change in tortuosity and effective surface area (Eqs. A22-23) during discharge, which may not capture the precipitation-induced morphology changes very well. The morphology of the precipitates influences the effective ionic transport properties, which in turn determine the model-predicted discharge capacity and capacity recovery rate. Despite of these limitations, we have shown that it is possible to reproduce two previously not captured Li-S cell features, e.g. the reduction of low-plateau capacity at high currents and the capacity recovery effect, with simple modifications to the established Li-S model. According to the transport-limited cell behaviour modelled in this study, we suggest that in high-energy density Li-S cells where the electrolyte loading is necessarily low, the transport property of electrolyte is the limiting factor for sulfur utilisation and cell capacity.
Conclusions
In this study, we modelled the rate capability of a Li-S cell using a modified Kumaresan model [17] with low ionic diffusion coefficients. The slow transport of Li + cations towards the cathode forces active polysulfides to migrate into the separator in order to maintain charge neutrality. These trapped polysulfides lead to the experimentally observed reduction of the low-plateau capacity at high discharge rates. Furthermore, we demonstrated that the loss in discharge capacity due to high discharge current can be recovered after just 1 hour of relaxation. This capacity recovery is due to the diffusion of trapped polysulfides back into the cathode after the cell has been disconnected. The model-predicted recoverable capacities qualitatively agree with measurements for cell discharged at different rates and relaxed for different durations.
While reducing the amount of electrolyte in Li-S cells increases their energy-density at cell-level, it also increases the electrolyte viscosity and ionic concentrations. Consequently, the transport-limitation scenario modelled in this study is likely to occur at high discharge currents thereby limiting the discharge capacity. Therefore, optimizing the electrolyte-tosulfur mass ratio, as well as improving the ionic transport property of the electrolyte, are key in enhancing the rate capability of Li-S cells. Given the importance of the electrolyte in determining the rate capability and sulfur utilization in Li-S cells, further studies are required to determine the transport property of different Li-S electrolytes at high ionic concentrations. Determination of concentration-dependent ionic diffusion coefficients are also necessary for development of more accurate Li-S models.
Appendix A. Model formulation
The mathematical model employed in this study is based on the 1D Li-S model developed by Kumaresan et al [17] . It considers the following Faradic reactions during discharge:
The dissolution and precipitation of S 8 and Li 2 S are considered as the following chemical reactions:
The following sections summarize the governing equations and parameters of the model. The volume-averaged continuity equation for species i in the porous electrode (with homogeneous properties) reads
where ε represents the pore volume fraction in the porous cathode or separator, C i is the concentration of ionic species
2 , S 2− , and salt anion A − ), N i is the flux of species i, r i is the electrochemical reaction rate of species i, and R i is the precipitation/dissolution rates of species i.
Based on the dilute-solution assumption, the flux N i due to diffusion and migration can be written as
where F is the Faraday constant, R is the gas constant, T is temperature, D ef f i is the effective diffusion coefficient of species i, z i is the charge number of species i, and φ 2 is the electrolyte-phase potential. The electrochemical reaction rate r i can be related to the current densities due to electrochemical reactions:
where a v denotes the specific area of the porous cathode, n j denotes the number of electrons transferred in reaction j, s i,j is the stoichiometric coefficient of species i in electrochemical reaction j, and i j is the current density due to the electrochemical reaction j at the solid/electrolyte interface. The rate of precipitation/dissolution reactions is given by
where R k is the rate of precipitation of the solid species k (k = S 8(s) , Li 2 S (s) ) and γ i,k is the number of moles of ionic species i in the solid species k.
The current continuity equation reads
where i e and i s are the electrolyte-and solid-phase current densities given respectively by
where σ is the solid-phase conductivity and φ 1 is the solid-phase potential. Since the current in electrolyte-phase is produced by electrochemical reactions at electrolyte/solid interfaces, the following constraint should hold:
The change in volume fraction of species k due to its precipitation/dissolution is:
where ε k is the volume fraction of solid species k, andṼ k is the molar volume of k. The pore volume fraction of cathode/separator changes according to
The current densities due to electrochemical reactions are described by the Butler-Volmer equation The overpotential for reaction j is given by
The equilibrium potential at C i,ref is given by 20) where U θ j is the standard equilibrium potential at 10 3 mol m −3 . The rate of precipitation/dissolution of species k takes the following form:
where K sp,k is the solubility product of k in the electrolyte, k k is the precipitation/dissolution rate constant (Table B4 ). Here the effect of nucleation is represented by assuming that the precipitating amount is proportional to the amount of material already precipitated. The effective diffusion coefficients are dependent on the porosity through the Bruggeman relation:
D
where D i is the bulk diffusion coefficient of species i, and the the Bruggeman exponent is taken to be 1.5. Finally, it is assumed that the specific surface area of cathode varies with the pore volume fraction according to an empirical expression
where a 0 is the initial specific surface area of the cathode. At cathode/current collector interface (x = L s + L c , where L s and L c are the separator and cathode thicknesses respectively), no-flux for all species applies:
Solid-phase current density equals to the applied current density; electrolyte-phase current density equals to zero:
where I app is the applied current and A is the total geometric area of the current collectors. At cathode/separator interface (x = L s ), continuity of species fluxes and the electrolytephase current density:
The solid-phase current density becomes to zero:
At anode/separator interface (x = 0), the electric potential is set to zero 
Appendix B. Model parameters and implementation
The model parameters (Table. B1 -B4) are modified from the values employed by Kumaresan et al [17] in order to fit with measured discharge curves at different C-rates. The kinetic and thermodynamic parameters for charge transfer, as well as the precipitation and dissolution parameters (Table B1 and B4) are similar to the values used in [17] . The ionic diffusion coefficients (Table B2) , however, are two orders of magnitudes lower in order to represent transport-limitation condition. The geometric parameters (A, L s , L c ) are based on the tested Li-S cell.
The 1D Li-S model was implemented and solved with Comsol Multiphysic 5.1. The 1D computational domain was discretized into 500 elements. A time-dependent solver with backward differentiation formula time stepping method and PARDISO linear systems solver was selected to solve the constant-current discharge simulations. 19.0 S 
